In this paper, statistical methods based on a hidden Markov chain model {Churchill1989) are used to study the structure of some small complete genomes and a human genome segment. A variety of discrete compositional domains are discovered and their correlations with genome function are explored.
Introduction
The total genomic DNA of plants and higher animals shows little variation in total G+C content, with most species falling in the range 40 to 44%. However, when the DNA is fragmented, a wide range of intragenomic heterogeneity in rithm is then applied to reconstruct the segments. The smoothing algorithm does not utilize a sliding window, thus sharp transitions of state are possible and both small and large segments can be detected in a single pass. Results of the smoothing are displayed graphically to provide a global summary of the organization of sequence composition. Furthermore, the model makes specific predictions about properties of the DNA sequence which are related to i~s base composition, e.g. distribution of restriction enzyme sites, and provides a framework within which hypotheses about genome structure can be formulated and tested.
·we illustrate the use. of HMC methods with four-examples of its .. application to nucleotide sequences obtained from the GenBank database (release 60, Burkset al. 1990 ). In the first example, the mitochondrial genomes of animals are shown to have a consistent heterogeneous pattern in the distribution of purines and pyrimidines. The purine content in one strand of the DNA is shown to be correlated with the coding sense of the strand and the type of product, protein or rRNA. In the second example, the genome of bacteriophage lambda is shown to also have a strand assymetry which is associated with coding function. However a simple two-state model provides an inadequate description of the compositional variation and a more general state-space model is suggested. In the third example, the two major transcrip-nomial a.nd ca.n be written as (1) where p 0 = Pr(yt = 1 I St = 0) and p1 = Pr(yt = 11 St = 1) are assumed to be not equal. The segments of the sequence alternate between state 0 a.nd state 1 according to a binary Markov process with transition probability matrix The parameter .A defines the probability of switching from state 0 to state 1, i.e. Segments of the sequence are identified with these runs.
In the general case, there are m observable outcomes (e.g. A, T, G, C). The probability of observing outcome i given that the current state is k is given by the parameter Pi,k = Pr (Yt = i I St = k). Successive outcomes may also be Markov dependent and the outcome transition probabilities are given
The hidden process which defines the segments will switch according to a Markov chain on r states, with the r x r transition probability matrix denoted A = [Aij]· The number of free .. parameters required to specify a. model with m outcomes and r states is given by k = (m-1)r + r(r-1). If the outcomes are Markov dependent, k = m( m -1 )r + r( r -1). The one-state model ( r = 1) is an important special case that includes the usual independent and Markov chain models for DNA sequences.
Smoothing Algorithm The smoothing algorithm used to reconstruct the homogeneous segments of a sequence is described in detail by Churchill (1989) .
The outcome of the procedure is, for each site in the sequence, the probability .... · ..
. . th~t the site. "!Jel9ngs. to st~te j condit~onal on the entire observed sequence .
• .
•
This quantity, denoted Pr (st = j I yn), is called the smoothed estimate of St and can be plotted against the index t to provide a graphic summary of compositional structure. The conditional probabilities are computed by a recursive algorithm with two steps. The filtering step is a forward pass through the sequence which incorporates the information in all 5' bases and the current base into the smoothed estimate. The smoothing step is a reverse pass through the sequence which incorporates the information in 3' bases into the smoothed estimate. This algorithm is related to the Kalman filter and is described in a general setting by Kitagawa (1987 Churchill (1988 Churchill ( , 1989 .
A hidden Markov chain analysis is carried out here to identify regions which might correspond to distinct genome modules.
HMC models with independent and first-order dependent outcomes and up to four hidden states were fit to the four-base sequence of bacteriophage lambda. According to the 6-BIC criterion ( 
Discussion
One of the fundamental questions of modern biology concerns the nature and extent of compositional variation and its relation to the organization of structure and function in genomic DNA. Since random mutation processes woulO.
tend to homogenize DNA, it is reasonable to suppose that some constraints are active in creating and maintaining compositional variation. Bernardi and •.. The sense strand for rightward arrows is the light strand and for leftward arrows, the heavy strand. 
